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Abstract: Measurements of three-photon action cross-sections for fluorescein (dissolved in
water, pH ~11.5) are presented in the excitation wavelength range from 1154 to 1500 nm in
~50 nm steps. The excitation source is a femtosecond wavelength tunable non-collinear optical
parametric amplifier, which has been spectrally filtered with 50 nm full width at half maximum
band pass filters. Cube-law power dependance is confirmed at the measurement wavelengths.
The three-photon excitation spectrum is found to differ from both the one- and two-photon
excitation spectra. The three-photon action cross-section at 1154 nm is more than an order of
magnitude larger than those at 1450 and 1500 nm (approximately three times the wavelength of
the one-photon excitation peak), which possibly indicates the presence of resonance enhancement.
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1. Introduction

Long wavelength three-photon fluorescence microscopy is advantageous for deep tissue imaging
mainly because tissue scattering is typically reduced at long wavelengths. Three-photon excitation
reduces out-of-focus background and the long wavelength windows are compatible with existing
blue, green and red fluorophores. Since the first demonstration of deep tissue imaging in the
early 2010’s [1], long wavelength three-photon microscopy is increasingly being used for deep in
vivo brain imaging, including in the mouse brain through cranial windows [2,3], through the
intact and un-thinned mouse skull [4], and in freely moving mice [5,6] as well as rats [7]. Other
organisms such as fish [8,9], and flies [10] have been examined, as well as other tissues such as
the lymph nodes [11] and tumors [12]. Advanced techniques such as adaptive optics [13-16] and
adaptive excitation [17] can also be combined with three-photon imaging, and several companies
now offer commercial lasers and microscopes for three-photon imaging.

In the past decade much work has been done to characterize three-photon microscopy including
measurement of tissue properties [1,18,19] and quantification of how to judge images (for
example with the d” parameter [20] or the binary detection factor [21]). A critical parameter in
three-photon microscopy is the absolute value of a fluorophore’s three-photon cross-section. To
guide and optimize quantitative deep tissue imaging, measurements of absolute three-photon
cross-sections across a large wavelength range (particularly in the long wavelength range of
>1100 nm) are needed.

Unlike two-photon microscopy, reference standards for three-photon cross-sections have not
been established in peer-reviewed literature (i.e., measurement of the absolute cross-section of a
fluorophore over a large spectral range). While there are reports of three-photon cross-sections in
peer-reviewed literature, previous measurements have either been made in the short wavelength
range (<1050 nm) [22,23], were only made at one or a few select wavelengths [24-28], use
non-standard reference molecules (uncommon, or fluorescent proteins) [29-33], and/or have only
looked at red fluorophores in specific wavelength windows [29,31-33]. Thus, while there are
several past attempts in measuring three-photon cross-sections, no reliable reference standard
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for three-photon excitation has been established, particularly in the long wavelength excitation
windows for deep tissue imaging.

Direct measurement of a three-photon cross-section is difficult because only a small fraction of
the excitation photons are absorbed in the three-photon process. More relevant for three-photon
fluorescence microscopy is the determination of the three-photon action cross-section (i.e., the
product of the cross-section and the fluorescence quantum efficiency). Although the fluorescence
method provides much better sensitivity, accurate measurement requires precise knowledge of the
temporal and spatial profile of the excitation light. Furthermore, measurements above ~1100 nm,
where solvent (e.g., water) absorption is no longer negligible, introduce additional complexities
typically not considered below ~1100 nm.

In this paper, we measured the three-photon action cross-section of fluorescein in water (with
a small amount of NaOH to make the pH ~11.5) in an epi-fluorescence microscope setup. We
used a low repetition rate (~400 kHz) excitation source, which enabled us to achieve pure
three-photon excitation at wavelengths as short as 1154 nm. Our data spans from 1154 to 1500 nm
in ~50 nm steps, which is sufficient for imaging applications due to the large spectral width
of the femtosecond excitation pulses. Unlike other fluorophores previously measured at short
wavelengths and over a narrow range [22], we found that the shape of the three-photon excitation
spectrum of fluorescein differs substantially from its one-photon excitation spectral shape. The
three-photon action cross-section at 1154 nm is more than an order of magnitude larger than those
at 1450 and 1500 nm (approximately three times the wavelength of the one-photon excitation
peak), which possibly indicates the presence of resonance enhancement [29,34].

2. Analysis of the multiphoton excitation of fluorophores

Multiphoton excitation of fluorophores is a function of both space and time for which the theory
has been worked out previously [35,36]. In the absence of saturation (i.e., ground state depletion),
the time averaged fluorescence power collected from a sample, (F(¢)) (i.e., photons/second) is
given as

(F) = 5" 6Cha o) [ $'e n

14

where n is the order of excitation, g(") is the n™ order coherence at zero delay, ¢ is the system
collection efficiency, 7 is the fluorophore’s quantum efficiency, o, is the fluorophore’s n order
cross-section (i.e., 7o, is the action cross-section), C is the fluorophore concentration, Io(¢) is the
excitation intensity at the geometric focus, and S(r) is the spatial distribution of the excitation
light (defined such that S(r = 0) = 1) [35,36].

In this study water will be used as a solvent. Water absorption at certain wavelengths (e.g.,
1450 nm) is high and must be accounted for. Correcting for the power loss between the sample
surface and the focus is done with the Beer-Lambert law. That is, if P(¢) is the power at the sample
focus then P(r) = Py(t) exp(—aAz), where Py(t) is the power at the surface, « is the absorption
coefficient, and Az is the distance between the surface and focus. Az can be measured by moving
a translation stage and taking the focal elongation into account, i.e.,

o
tan(sin”'(NA)) Az 2

Az = Az ~
* tan(sin~' (NA/ng))

where Az; is the distance the stage moved, NA is the numerical aperature of the focusing lens, and
ny is refractive index of the sample (we have assumed that a dry focusing lens is used). Eq. (2)
can be readily derived via ray optics, and the approximation is valid for low NA.

In addition to accounting for the loss between the sample surface and focus, S(r) also needs to
account for the loss due to the spatial distribution of light at the focus (which in this case is a
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diffraction limited focus). For low NA lenses, we approximate the loss as only occurring along
the optic axis and model the loss via the Beer-Lambert law. Thus,

S(r) = h*(u, v) exp(—az) ©)]

where z is the direction along the optical axis, and 4> (u, v) is the paraxial form of the normalized
intensity point spread function (PSF) given by [35,36],
| 2
1
W (u,v) =2 / Jo(v0) exp (—Emez) 6de 4)
0

where u and v are optical coordinates defined as

2aNA
p= 200 ©)
A
and )
2aNA
w= "0 ©6)
I’l()/l

with p being the distance away from the optic axis and A the (vacuum) excitation wavelength.
We note that in Eq. (3), z is defined such that z = 0 corresponds to the geometric focus in the
absence of loss, and increasing z points in the direction away from the surface.

For convenience we define the parameter 8 = angd/(2rNA?) so that

n _ I/l()/l3
/ S"(r)dr = by 8ﬂ3NA4] ™)
4
with - -
b, = / 2mvdy / h?" exp(—Bnu)du. (®)
0 —c0

The integral is solved numerically using MATLAB as a function of 5. When 8 = 0 we find
that b3 = 28.07 which is in agreement with the value of 28.1 as previously published [35]. For
B # 0, b3 > 28.07 as the loss effectively “enlarges” the PSF. However, for this study the largest
value of b3 is 28.29, which is <1% more than 28.1. This is expected since the propagation
loss over a distance comparable to the axial resolution of a diffraction limited focus is small.
Additionally, we note that this small change in b3 is an advantage for measuring three-photon
cross-sections in a microscopy setup, as compared to a non-focused system, because the loss in
the latter case would significantly affect the region where fluorescence occurs (e.g., across the
entire sample cuvette).

Noting that for a diffraction limited focus the intensity at the geometric focus can be written in
terms of the power at the geometric focus (P) as

2

aNA
Io(1) = TP(t), ©)
and that g can be written as
g =g /()Y (10)
where f is the laser repetition-rate, 7 is the pulse full width at half maximum (FWHM), and g[(,")

is a dimensionless quantity depending on the shape of the temporal intensity profile, Eq. (1) can
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then be re-written for three-photon fluorescence as

©) 2 3
1 & bsNA“(P(1))
F@) == C —_ 11
(F(1)) 3(fr)2¢ oS3 an
Likewise for two-photon fluorescence,
(2) 2
18p b2 (P(1))
F@) =-— _ 12
(F(1)) 371 #pCnorng ) (12)

For two-photon fluorescence we took b; as 64 (the same value without considering propagation
loss in the solvent).

3. Experimental methods
3.1.  Experimental setup

The experimental setup is shown in Fig. 1. Briefly, the excitation source, a noncollinear optical
parametric amplifier (NOPA, Spectra Physics; repetition rate 402.3 + 0.3 kHz; used for three-
photon measurements) pumped by an amplifier (Spirt, Spectra Physics) or a Titanium:Sapphire
(Ti:S) oscillator (Spectra Physics Tsunami; repetition rate of 81.97 +0.01 MHz; used for two-
photon measurements) pumped by a diode-pumped solid-state laser (SproutG, Lighthouse
Photonics), is passed through two reflective continuously variable neutral density (ND) filter
wheels (NDC-50C-4 M, ThorLabs), which serve as power control. The maximum pulse energy
from the NOPA (before attenuation by the ND filters) is ~1uJ. For the cross-section measurements,
the two flipper mirrors (abbreviated FM) are in the “up” position to direct the laser through a long
pass (LP) filter or band pass filter (BPF). The LP filter is a 715 LP (FF01-715/LP-25, Semrock)
when the Ti:S oscillator is used. For the NOPA, a set of 50 nm FWHM BPFs (centered at 50 nm
increments from 1150 to 1500 nm) were used (#85-895, #85-896, #85-897, #85-898, #85-899,
#85-900, #85-901, #85-902, Edmund Optics). The BPFs were used because the NOPA had a
very large spectral bandwidth (~100 nm FWHM for certain wavelengths), and since spectroscopy
measurements are being done, we decided to narrow the bandwidth with the BPFs to have a more
precise handle on the excitation wavelength.

The LP or BPFs are placed on the outside of a light tight enclosure and help to keep out
any stray visible light (including any third harmonic generation (THG) propagating along with
the beam). From here the laser is directed through -15 mm (LD2060, Thorlabs) and 150 mm
(LA1417, ThorLabs) focal length lenses (which are uncoated). These two lenses serve as a 10x
beam expander, which expands the beam to a 1/e? diameter of approximately >18 mm for the
Ti:S oscillator and approximately >30 mm for the NOPA. The expanded beam is passed through
a 757 LP dichroic mirror (FF757-Di01, Semrock) and overfills an objective lens (UPlanFLN
10x/0.3, Olympus), which creates a diffraction limited focus in the sample (which is a fluorescein
solution in a deep well side sealed with a piece of cover glass). Despite the fact that the lens has a
nominal NA of 0.3, it has beam previously measured to be 0.26 for infrared wavelengths [28]. The
emitted light is then collected by the objective, redirected by the 757 LP dichroic mirror through
a series of short pass (SP) filters (900 SP, FESH0900, ThorLabs, 800 SP, FESH0800, and 700
SP, FESHO0700, Thorlabs) and a BPF (531/46, Brightline 531/46, Semrock) to an ultra-bialkali
photomultiplier tube (PMT; R7600U-200, Hamamatsu). The PMT signal is then amplified by
a 10 MHz trans-impedance amplifier (TIA: C9999, Hamamatsu) and recorded with a photon
counter (SR400, Stanford Research Systems).

For determination of the power in the sample, the sample is placed on a stage that allows it
to be moved out of the way, so the light that reaches the focus can be collected by an uncoated
11.25 mm focal length lens (KPA 13, Newport), and directed to a power meter (S132C, Thorlabs).
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Fig. 1. Layout of the experimental setup. For the cross-section measurements the two flipper
mirrors (FM) are placed in the “up” position so that the light bypasses the autocorrelator
before entering the light tight enclosure (for pulse width measurements these are in the
“down” position so the autocorrelator is used). The beam enters the light tight enclosure
via a long pass LP filter (715 for the Ti:S) or BPF (for the NOPA). For the cross-section
measurements the sample is placed on a movable stage, so the power after the objective
can be determined by moving the sample out of the way and directing the beam into a
power meter. Abbreviations: ND FW, neutral density filter wheel; FM, flipper mirror;
M: mirror; BS, beam splitter; LP: long pass; SP: short pass; BPF: band pass filter; UBA
PMT: ultra-bialkali photomultiplier tube; OBJ: objective lens; NA, numerical aperture; Ex.,
excitation; Em., emission; TIA; trans-impedance amplifier.

Knowing the transmission through the 11.25 mm lens, cover glass, and the loss due to solvent
absorption between the surface and the focus, the power at the geometric focus can be calculated.

For measurement of the pulse width, the flipper mirrors are in the “down” position to direct
the light through an interferometric autocorrelator, which uses a 50/50 beam splitter (BSW23R,
Thorlabs) and a motorized stage (Z825B, ThorLabs). Although not shown, we also placed two
pieces of cover glass in the horizontal arm, as we found that was necessary to make the power
in each arm even. The sample is then replaced by either a GaAsP (G1116, Hamamatsu) or Si
(S1223-01, Hamamatsu) photodiode, depending on the wavelength (using the GaAsP photodiode
at wavelengths <1275 nm). The two-photon generated photocurrent is amplified by a low noise
amplifier (SR570, Stanford Research Systems). The control of the stage and recording of the
data with a data acquisition card (NI9215, National Instruments) is done by a custom MATLAB
program. The same LP or BPF was placed in the autocorrelator path when autocorrelation was
being done.

The NOPA spectrum was measured by placing a single mode fiber (SM980-5.8-125, Thorlabs)
with a cutoff wavelength of 980 nm at the focus of the objective and measuring the spectrum
with a fiber input spectrometer (HP70951B, Hewlett-Packard). Again, the BPFs were used, and
the power was varied to ensure no non-linear effects in the fiber. For the Ti:S oscillator, an
Ocean Optics spectrometer (HR + D0678) was used, which was placed near the output of the
Ti:S oscillator.

Not shown in Fig. 1 is that up-stream of the ND filters the NOPA passes through a 1064 LP filter
(BLPOL-1064R-25, Semrock) and 1/2 wave plate (AHWP05M-1600, Thorlabs) which changes
the polarization so it is horizontal to the table. Additionally, the Ti:S oscillator passes through a
1/2 wave plate (WPHO05M-808, ThorLabs), an isolator (Model 714, ConOptics), and a second
1/2 wave plate (AHWPO5M-980, ThorLabs). The first 1/2 wave plate rotates the polarization to
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adjust the power which can pass through the isolator, and the second rotates the polarization after
the isolator so it is horizontal to the table (just to be consistent with the beam from the NOPA).

3.2.  Spectrum and pulse width measurement considerations

For determining the cross-sections, measurement of both the carrier wavelength and the pulse
width are important considerations. For a NOPA with ultrashort pulses, generally the spectral
bandwidth is quite large, and the spectrum typically has an irregular shape, even with filtering
the spectrum as is done here (Fig. S1). We decided to use the “center of mass” definition of the
carrier frequency [37]. That is, if S(v) is the spectrum (not spectral density, i.e., units of W not
W/Hz) as a function of frequency, v, the carrier frequency, vy, is defined as

0

f vS(v)dv

VO = (13)
f S(v)dv

and the carrier wavelength is simply Ao = ¢/vy. We note the limits in Eq. (13) are approximated
with appropriate finite limits.

The pulse width measurements then make use of this carrier wavelength as the time-delay axis
was calibrated by considering the spacing between the peaks of the interferometric autocorrelation
trace. The intensity autocorrelation was then recovered digitally via Fourier transforms [37], and
the FHWM of the pulse was found from the FWHM of the intensity autocorrelation assuming
a Gaussian pulse shape for the NOPA and a Sech?® for the Ti:S oscillator. Additionally for the
autocorrelation of the Ti:S oscillator, g(z) (and gl(,z)) can be measured directly [35,38]. We found

gl(,z) = 0.63, which is close to the calculated value for a Sech? pulse shape of 0.59 (0.59 was used
in subsequent calculations). For the Ti:S oscillator the FWHM of the pulse was ~219 fs and in
the range of ~88 to ~131 fs for the NOPA (Fig. S2).

3.3. Collection efficiency considerations

A key component of measuring the cross-section is determining the collection efficiency, which
is the ratio between the total amount of light emitted by the sample and the actual amount of light
detected. In theory this can be determined by considering geometrical collection of the objective
lens, the emission spectrum of fluorescein, transmission through all the optical elements and the
quantum efficiency of the PMT, i.e.,

(o]

[ s(Da() T Ti()dA
o= —— (14)
[ s()da
0

where s(A) is the emission spectral density (i.e., W/nm) of fluorescein, g(2) is the PMT quantum
efficiency, 7;(1) is the transmission of the j optical element between the fluorophore and PMT
(including the cover glass/water interface, cover glass/air interface, objective lens, dichroic mirror,

filters), and Q; = 0.5 (1 —4/1- (NA/no)z) is the fractional solid angle as collected by the lens.

We calculated ¢ with Eq. (14) by using s(1) available from Semrock’s SearchLight tool
[39], using g(1) provided by the PMT manufacture, measuring 7; for the filters and dichroic
mirror (using a Cary 300 UV-Vis spectrometer), calculating 7; for the cover glass/air and cover
glass/water interfaces based on the medium’s refractive indices and Fresnel’s equations at normal
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incidence (the water index was taken from interpolating data reported by Segelstein [40], the
cover glass index was found using the Sellmeier parameters of Schott NBK7 [41]), and assuming
the fluorescence collection NA =0.3. We found that ¢= 0.1%.

As a check, we then measured the two-photon action cross-section (i.e., 7o) at 800 nm (using
the Ti:S oscillator) and compared it to the literature value. We obtained a value of ~22 GM (1
GM = 107° cm?s). Previously Xu and Webb measured ~32 GM [36]. However, we note that

they used a value of gl(,z)z 0.41 (to make their measurements using continuous-wave and pulsed

excitation match) [36], where we used gﬁ,z): 0.59. If Xu and Webb used 0.59 instead, they would
have gotten ~22 GM. Song et al. measured ~49 GM [42], while Makarov et al. measured ~32
GM [43], and Reguardati et al. measured ~22 GM [44] (all assuming a quantum efficiency of 0.9
[36]), the last of which is closer to our number. However, given the potential discrepancies in the
previous literature, we chose to use our calculated value for collection efficiency, but with a ~50%
uncertainty, and so we quote the final number for the collection efficiency as ¢= 0.1 + 0.05%.

3.4. Sample preparation

The fluorescein was purchased in powder form (Catalog No. 11924, Argos Organics) and a
solution was prepared by dissolving the powder in water and a small amount of NaOH. Specifically,
the solution was prepared by first making a ~500 mL solution of ~100 uM fluorescein. The
pH of the solution was brought to ~11.5 by adding in a small amount of a 1 M NaOH stock
solution (which was made from NaOH pellets (No. 7708-06, Macron Fine Chemicals)). Then
this solution was diluted to ~10 uM, which would be used in this study.

The concentration of the solution was verified by using an absorption spectrometer (Cary 300
UV-Vis spectrometer). Specifically, a series of 10 dilutions were made to a portion of the ~10
UM solution, and the absorbance was measured. The peak absorbance and relative concentration
were fit to a liner regression model (without an intercept) and the slope, along with the known
path length and molar extinction coefficient provided by the manufacture of the fluorescein, was
used to back out the concentration. The final concentration of the solution was measured to be
10.49 £ 0.09 uM. This number will be used for this study.

For cross-section measurements, the solution was placed into a deep well slide (MS15Cl,
ThorLabs), and sealed with a piece of #1.5 borosilicate cover glass (No. 3406, Thermo Scientific).
The depth of the well is between 600 and 800 um.

3.5. Experimental procedure and data processing

Before taking data, we first positioned the sample, so the focus was a known distance from the
cover glass/solvent interface. The location of this surface was found either from the presence
of signal or looking for THG from the cover glass/solvent interface. The focus was positioned
between 54 and 75 um (depending on the wavelength) behind the cover glass (by moving a
translation stage). For all wavelengths a background beyond dark counts (when a sample with
just solvent was placed in the setup) was not noticed at the powers used.

The photon counter was set to count for a period of 30 seconds. The large amount of time was
chosen for an increased signal to noise ratio (SNR). For each excitation wavelength we began by
counting the dark counts and recording the background (dark) power on the power meter, which
would be used for background correction. Three trials of 30 seconds each were taken, and the
data averaged. Then the laser was allowed to enter the box and data taken at seven different power
levels. The power at the focus was determined by moving the sample out of the way, recording
the power on the power meter, and then correcting for the transmission of the 11.25 mm lens, the
cover glass/air and cover glass/water interfaces, and the loss in the sample.

We then processed the data in two steps. First, we plotted the recorded power on the power
meter vs. the recorded counts on a log-log scale and fit the data to a liner model of the form
log,(Fu) = c1log,o({Pa)) + c2 where Fyy is the measured (background corrected) counts and
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(Pyy) is the measured average (background corrected) power on the power meter. The purpose of
this was to check that the power dependence of the fluorescence (i.e., the slope c;) is correct.
Once this was confirmed we fit the three-photon data to an equation of the form Fj; = c3(Py)>
and the cross-section is backed out from c3, i.e.,

~ 24272 A3
b3g) $CnoNA>T T2

no3 5)

where T, is the count time (in this case 30 seconds) and T, is the calibration factor that
allows the power at the focus to be found from multiplying it with the measured power on
the power meter. In particular Tea; = TG airT cGjwater Tioss/ Tkpa13, where Tegair and Tegwaer
are the transmission through the cover glass/air and cover glass/water interfaces, Tgpa13 is the
transmission through the 11.25 mm lens, and 77, represents the loss incurred by traveling
through the water and is calculated form the Beer-Lambert law at the carrier wavelength and with
data for the complex index of refraction of water interpolated from data reported by Segelstein
[40]. Similarly this data is used along with the Sellmeier parameters for Schott NBK7 [41] and
Fresnel equations at normal incidence to find TG /warer and TcGair- Tkpa13 is found in a similar
way except we used Sellmeier parameters for Ohara L-BAL35 [45], since the 11.25 mm lens is
made from this glass.
For the two-photon data a similar procedure is followed except the fitting equation is now
FM = C3<PM)2 and
16fTmApcs

ng;Z)(ﬁcnO TcntTLz.ul

no (16)

4. Results
4.1. Power cubed (and squared) dependence

As discussed in the methods section, we first validated that the data followed a cube-law
dependence with the power (or a square-law dependence in the case of the two-photon data).
There are two main reasons for doing this. First it serves as a check that we are measuring a
signal of the appropriate nonlinear order. Second, as previously shown, it is possible to measure
a mixed two- and three-photon signal at certain wavelengths and we wanted to make sure that
this was not the case [22,29]. This was confirmed by plotting F; against (P,;) on a log-log scale
and finding the “slope” as is shown in Fig. 2 for the power levels used in our measurements.
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Fig. 2. Power dependence curves. The power dependance for two-photon (A) and three-
photon (B) excitation wavelengths. The circles are the data points, and the dashed line is a
least-squares fit. The wavelengths and fitted slopes are indicated in the legend. The standard
errors of the slopes shown are less than +3%. All count and power data shown here has
been background corrected.
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As can be seen from Fig. 2(A), the two-photon data follows a nearly perfect square-law
dependance only differing from the ideal square-law by ~1%. Likewise, the three-photon data
(Fig. 2(B)) follows a nearly perfect cube-law dependence. The largest deviation across all the
data is ~3%, confirming that we were measuring a nonlinear signal of the correct order and that
all three-photon data presented is dominated by a three-photon signal (i.e., the measured signal is
for all practical purposes strictly from three-photon excitation).

4.2. Three-photon action cross-sections

The measured three-photon action cross-sections are presented in Table 1. Additionally, we plot
the action cross-sections on both a liner (Fig. 3(A)) and semi-log (Fig. 3(B)) scale, along with
the one- and two-photon cross-sections as a function of wavelength. The one-photon data is from
an absorption spectrometer (Cary 300 UV-Vis) and scaled so the peak matches the peak data
point quoted by the manufacture. The two-photon data is digitized from Xu and Webb [35].
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Fig. 3. One-, two-, and three-photon cross-sections compared. The one-, two-, and
three-photon cross-sections are shown on both a liner (A) and semi-log (B) scale. The
one-photon data is measured using an absorption spectrometer and scaled so the peak
matches the manufacturer’s quoted peak. The two-photon data is from Xu and Webb [35].

Table 1. Three-photon action cross-sections

Wavelength (nm) Action Cross-Section (1078% cm0s?)
1154 385+214

1199 204 +112

1250 106 +58

1297 65+37

1349 62+35

1398 42+23

1450 34+19

1500 29+ 16

As can be seen in Fig. 3, the three-photon cross-sections are larger for shorter wavelengths,
likely due to resonance enhancement (i.e., when the combined energy of two of the three excitation
photons is close to the energy gap between the ground and first excited state, the three-photon
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cross-section is possibly enhanced [29,34]). We were still able to obtain a cube-law dependence
at 1154 nm. Although we were unable to reach ~1100 nm or shorter with our NOPA, it would be
interesting to measure the cross-section at and below ~1100 nm in the future.

In comparison to one- and two- photon cross-sections, we see that the shape of the spectrum is
much different than simply tripling the one-photon wavelength and different than multiplying the
two-photon wavelength by 3/2 (although less so than the one-photon case). Therefore, the idea
that one-photon and three-photon excitation might have the same spectral shape does not hold for
fluorescein. Interestingly we do not see evidence of a three-photon cross-section peak around
1470 nm (=490 x 3), even though a local maximum is observed in the two-photon data around
980 nm (=490 x 2). It is possible this is because we didn’t measure this point and the peak is
subtle.

Despite the differences in the one-, two-, and three-photon spectral shapes, the three-photon
action cross-sections presented here establish a reference that can be used for other fluorophores.
We note that the simplicity of preparation (i.e., fluorescein can be bought as a powder and is water
soluble), availability, and cost makes fluorescein an ideal candidate for this. We also caution that
for three-photon microscopy, where generally pulses with a larger spectral bandwidth are used,
the apparent three-photon cross-sections may be slightly different. Based on preliminary data
without using the BPFs, we estimate this could be different by a factor of ~2.

4.3. Comparison with other data

Quantum perturbation theory suggests that the three-photon cross-section should be on the
order of ~10782 cm®s? [35], which our data agrees with. Unfortunately, there are only a few
papers in literature for which to compare exact values with. Cheng et al. [28] measured the
three-photon action cross-section of fluorescein at 1300 nm to be ~16 + 5 x 1078 ¢m®s? in an
epi-based microscope setup, which is within the same order of magnitude reported in this study.

Rebane and Mikhaylov [46] have measured fluorescein (as well as other fluorophores) and
presented their results in a conference proceeding manuscript. Their method used an unfocused
beam passing through a cuvette, collected fluorescence at 90-degrees with a spectrometer,
and determined the absolute three-photon cross-section by calibration against the known one-
and two-photon cross-sections. However, for fluorescein the calibration against the one- and
two-photon cross-sections results in an order of magnitude disagreement in their data for the
three-photon cross-section. In addition, their data has a large peak at ~1450 nm which coincides
with the water absorption peak [40,46]. We believe this peak is likely an artifact and a result
of an overestimate of the correction for water absorption, which they did by dividing by the
transmittance through the entire cuvette sample [46].

Despite this, Rebane and Mikhaylov [46] list in the text that they estimate the absolute three-
photon cross-section of fluorescein at 1300 nm to be ~30 + 15 x 1073 ¢cm®s? (corresponding
to an action cross-section of ~27 + 14 x 1073 cm®s? assuming a quantum efficacy of 0.9 [36]),
which when considering the uncertainty, is close to our number.

4.4. Other considerations

The presence of third harmonic generation (THG), from the optics or solvent, can be a concern
when measuring three-photon cross-sections [46]. Because of the bandpass filter in front of
the PMT, direct detection of THG is not a concern in our experiment. On the other hand,
THG could excite fluorescein through the one-photon absorption process. To quantify this, we
replaced the filters in front of the PMT with an infrared (IR) blocking filter (TF1, Thorlabs,
passes 375-650 nm), and we detected a signal at all three-photon excitation wavelengths when a
sample of just solvent (i.e., a blank) was placed in the setup, which follows a cube-law power
dependence (~3" order). We estimated the wavelength of the signal by using bandpass filters.
By placing a 435/40 BPF (FF(02-435/40-25 Semrock) in addition to the IR blocking filter a signal
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was present when the NOPA was tuned to 1297 nm, but only a very week signal when tuned to
1398 nm. In addition, no signal beyond dark counts was detected when the same filters used in
the experiment (including the 531/46 BPF) were in front of the PMT for all the wavelengths used
in our experiments. These results indicate that this signal is likely to be THG.

We now estimate the upper bound contribution due to one-photon fluorescence excited by this
THG signal using the same detection efficiency of 0.1% for the THG, a peak molar extinction
coefficient value of 80,000 M~!cm™!, a path length of 800 um (maximum depth of the well),
a quantum efficiency of 0.9, and the same collection efficiency for one- and three-photon
excited fluorescence. This results in an ~13% overestimate at 1500 nm, ~20% at 1450 nm, ~7%
at 1398 nm, ~4% at 1349 nm, and <2.2% for all other three-photon excitation wavelengths.
The uncertainties caused by one-photon fluorescence excited by the THG signal are small
when compared to the uncertainties of the three-photon excitation cross-section measurements,
particularly for wavelengths shorter than 1400 nm.

In addition to the THG, the large water absorption present at 1450 (ot =0.00315 um~!) means
a significant amount of the energy put into the sample by the excitation beam (~90% for an 800
um path length) is absorbed in the sample and dissipated as heat which could in turn raise the
sample temperature. According to Schonle and Hell’s model [47] (the axially invariant Gaussian
approximation, assuming a thermal conductivity of 0.6 W/mK and volumetric heat capacity of
4.2 MJ/m>K), after 30 seconds the temperature at the geometric focus will rise by ~10K for the
maximum power used here (~1.6 mW, at the geometric focus). This is a clear overestimate as it
assumes infinite boundaries, an axially invariant Gaussian beam, and only radial conduction. On
the other hand, a lumped parameter approach (ignoring the difference in thermal conductivity
between the glass and the water, assuming a 1.57 mm slab with 9 mm radius faces, and a 10
W/m?K heat transfer coefficient [48] on both faces) yields a negligible temperature increase,
which is a clear underestimate.

We note for these models, the temperature rises linearly with the incident power. On the other
hand, all the data points at 1450 nm follow the cube-law dependence when varying the power at
the geometric focus from ~1.1 mW to ~1.6 mW (see Fig. 2). This suggests that even if there was
heating it is not affecting the results.

4.5. Blue-shifted three-photon cross-sections

In this work we were able to measure large three-photon cross-sections at wavelengths as low
as 1154 nm. These large cross-sections on the blue side of 1470 nm (3 times the one-photon
spectral peak) suggest that resonant enhancements may be occurring, and an inherent similarity
between one- and three-photon absorption spectrum is not present in all fluorophores. Indeed,
other works have also seen differences in the one- and three-photon spectral shapes for certain
fluorophores [29,31,33,46], while others have not [30,36]. Therefore, it is difficult to predict
three-photon cross-sections from their one-photon cross-sections, which was also frequently
observed for two-photon cross-sections.

The ability to measure pure three-photon cross-sections as low as 1154 nm (as evidenced by the
3" order power dependance) may also come as a surprise given that ~100 nm bluer two-photon
cross-sections can be measured [36]. This however may be understood because we employed
a low repetition rate (~400 kHz) excitation source. Assuming a diffraction limited focus, no
loss, and the same average power, then the ratio of two-to-three-photon fluorescence scales as
fro/(03NA?). This means that if we were to use a high repetition rate source (e.g., ~80 MHz
from a mode-locked laser), the ratio would be about 200 times larger than it was in this study,
and likely very difficult to measure pure three-photon fluorescence here.

This ratio also implies that the repetition rate, pulse width and spatial confinement (i.e., the
NA) can be changed to vary the ratio between two- and three-photon fluorescence as has been
previously pointed out [22,29]. Additionally, the large blue-shifted three photon cross-sections
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of fluorescein may make multicolor imaging with green and blue fluorophores possible as has
already been demonstrated with green and red fluorophores [29]. However, the large cross-section
and multicolor advantage may come at the expense of penetration depth into a mouse brain, as
the effective attenuation for the excitation light is higher at shorter wavelengths [1,49].

5. Conclusion

The measurement of three-photon action cross-sections, from 1154 to 1500 nm in ~50 nm steps,
for fluorescein (dissolved in water, pH ~11.5) was presented. For all wavelengths considered
here we were able to confirm cube-law power dependance even in the bluer wavelengths, likely
due to the use of a low repetition rate system. The three-photon excitation spectrum is found
to differ from both the one- and two-photon excitation spectra, with the three-photon spectrum
showing very large cross-sections at short wavelengths and the lack of a peak around ~1470 nm
(3x the one-photon peak). The results presented here can be used as a reference for measuring
the absolute three-photon cross-sections of other fluorophores within the same wavelength range.
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